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The structural modeling of protein interactions in
the absence of close homologous templates is a
challenging task. Recently, template-based docking
methods have emerged to exploit local structural
similarities to help ab-initio protocols provide reliable
3D models for protein interactions. In this work, we
critically assess the performance of template-based
docking in the twilight zone. Our results show that,
while it is possible to find templates for nearly all
known interactions, the quality of the obtained
models is rather limited. We can increase the preci-
sion of the models at expenses of coverage, but it
drastically reduces the potential applicability of the
method, as illustrated by the whole-interactome mo-
deling of nine organisms. Template-based docking is
likely to play an important role in the structural char-
acterization of the interaction space, but we still
need to improve the repertoire of structural templates
onto whichwe can reliably model protein complexes.INTRODUCTION
Protein-protein interactions (PPIs) are responsible for the func-
tioning and coordination of most processes taking place inside
the cell. Given their importance, recent years have seen large
efforts devoted to chart the interaction space of many model or-
ganisms (Arabidopsis Interactome Mapping Consortium, 2011;
Rajagopala et al., 2014), including human (Rual et al., 2005; Stelzl
et al., 2005; Yu et al., 2008). However, these interactome net-
works are lacking fundamental details as to how proteins
interact, which are often necessary to drive novel biomedical
applications (Duran-Frigola et al., 2013). Today’s challenge is
thus to improve the resolution of such networks by delivering
molecular details for the interactions, as provided by high-reso-
lution 3D structures of protein complexes (Mosca et al., 2013b).
Whereas structural genomics initiatives have considerably
boosted the determination of 3D structures of single proteins
and domains, technical complexity has prevented similar ap-
proaches to significantly increase the number of high-resolution
structures for PPIs. This has created an exponentially growing
gap between the number of known interactions and those for1356 Structure 22, 1356–1362, September 2, 2014 ª2014 Elsevier Ltwhich atomic details are available (Pache and Aloy, 2008).
Accordingly, many computational methods have been devel-
oped to fill this gap, aiming at covering different regions of the
interaction space (Korkin et al., 2006; Kundrotas et al., 2010; Si-
nha et al., 2010; Szilagyi and Zhang, 2014).
The most reliable computational strategy is homology mo-
deling, which has been successfully applied to create models
for protein-protein interactions whenever the structure of an ho-
mologous interacting pair of proteins is known (Aloy and Russell,
2006; Davis et al., 2007; Mosca et al., 2013a; Tyagi et al., 2012;
Zhang et al., 2012). This technique is based on the observation
that interacting pairs sharing more than 30% sequence identity
often interact in the same way (Aloy et al., 2003). Below this iden-
tity threshold laysa twilight zone,where it isdifficult to saywhether
two interacting protein pairs will bind similarly. Pioneering at-
tempts to provide homology models for complete interactomes
have shown that the reliability of such models is close to 66%,
meaning that two out of three models produced resemble the
real high-resolution structure of the complex (Mosca et al.,
2013a). At the other end of the spectrum, in the most difficult re-
gion, we find ab-initio docking methodologies, which try to infer
the structure of the complex from the structures of the single
monomers without the help of any template (Karaca and Bonvin,
2013; Melquiond et al., 2012). It is also possible to apply these
strategies to large-scale interactomenetworks, although their reli-
ability is much lower than homology models, and only 30% of the
models in the top three solutions is correct (Mosca et al., 2009).
More recently, a new class of methods has emerged to exploit
the observation that, in the low sequence identity area, local
structural templates can help ab-initio docking protocols to pro-
vide more reliable 3D models for PPIs (Gu¨nther et al., 2007; Kun-
drotas and Vakser, 2013; Sinha et al., 2010; Szilagyi and Zhang,
2014; Tuncbag et al., 2011, 2012). There ismuch hope deposited
in template-based docking strategies, particularly because it has
been suggested that we already might have structural templates
to model nearly all complexes for which we have structural infor-
mation of the interacting components (Kundrotas et al., 2012).
However, no comprehensive study has been done on the accu-
racy of template-based docking methods in the twilight zone,
where they are mostly suited. Furthermore, we are still lacking
a rigorous assessment of the real applicability of these methods
in relation to the quality of the produced models.
In this work, we present the implementation of a fully auto-
mated template-based docking protocol for protein interactions.
The protocol is optimized and benchmarked on a nonredundant
set of binary interactions, emphasizing PPIs in the twilight zone.d All rights reserved
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interactome modeling of nine different organisms, evaluating the
coverage of template-based docking as a function of the ex-
pected quality of the produced models.
RESULTS AND DISCUSSION
Implementation of a Fully Automated Template-Based
Docking Pipeline
As described above, the aim of template-based docking is to
predict the 3D structure of a protein interaction by aligning the
individual structures of their components to a structural template
of an experimentally known PPI interface. The first step in our
comprehensive applicability assessment is the implementation
of a fully automated template-based docking pipeline, which
we did following the methodology presented in (Sinha et al.,
2010, 2012). In brief, given an interaction to be modeled, the
pipeline takes as input the experimental structures, or the homol-
ogy models, of the individual interacting proteins. As a core part
of our protocol, we use the nonredundant PPI template library
of more than 7,000 protein-protein interfaces obtained from
the DOCKGROUND resource (http://dockground.bioinformatics.ku.
edu/; Douguet et al., 2006). Because our aim is to evaluate to
which extent template-based docking can complement homol-
ogy modeling in the twilight zone, we exclude those templates
that share more than 30% sequence identity to the target com-
plex, because they are suitable for homology modeling. To be
more precise, we defined two different data sets of templates:
the strict data set, composed of templates for which both pro-
teins share less than 30% sequence identity to the target
monomers, and a permissive data set, for which we impose
the 30% threshold on the sequence identity for at least one of
the template monomers. Our set of templates contain only those
stretches of the two protein structures within 12 A˚ from the inter-
action interface, following the observation that a threshold of
12 A˚ improves the performance of template-based docking,
especially in cases of low sequence identity between the target
and the template complexes (Kundrotas and Vakser, 2013; Si-
nha et al., 2012), as it is in our case. To select suitable templates,
we aligned the target monomers and the potential template inter-
faces with TM-align (Zhang and Skolnick, 2005) and we used the
TM-score returned by the program as ameasure of the quality of
the structural alignments. We then ranked all the models ob-
tained for a target protein-protein interaction by decreasing
values of the sum of the two TM-scores (one for each target
monomer), and we selected the first 1,000 solutions for further
analysis. After removing those solutions with an average buried
surface area lower than 250 A˚2 (the same threshold used by
the authors of DOCKGROUND to build the library of PPI templates),
we applied filters on the minimum TM-score and the maximum
number of Ca-Ca clashes to reduce the number of incorrect
models (see Experimental Procedures). The final output of the
pipeline is a ranked list of 3D models for each interaction, pro-
vided that suitable templates can be found in the library.
Assessment of the Accuracy of Template-Based
Docking Models
To benchmark our protocol, we used the protein-protein docking
benchmark version 4 (Hwang et al., 2010; Table S1 availableStructure 22, 1356–13online), which is a nonredundant data set of 176 structures of
heterodimers in the Protein Data Bank (PDB; Berman et al.,
2000) for which unbound structures of the two individual mono-
mers are available. From the initial 176 interactions, we selected
only 119 cases for which the two monomers are composed of a
single chain. In fact, for all the other cases, the interface is usually
ternary (it is formed by the contact of three chains) and is not suit-
able to the application of the docking protocol. The 119 selected
cases are divided in three categories as a function of their ‘‘diffi-
culty’’ in ab initio docking applications: 80 rigid body cases, 22
medium, and 17 difficult cases, where the monomers are under-
going large conformational changes upon complexation. We
applied our protocol to the benchmark data set and evaluated
the results, using the criteria from CAPRI (Critical Assessment
of PRedicted Interactions) to assess the quality of the produced
models and classified each of them as either high, medium, or
acceptable if >50%, >30%, or >10% of the native residue-resi-
due contacts are conserved and the interface root-mean-square
deviation (rmsd) is <1.0 A˚, %2.0 A˚, or %4.0 A˚, respectively.
Otherwise, the models are considered Incorrect (Me´ndez et al.,
2003). We analyzed the performance of the protocol by counting
in how many cases we obtain an at least acceptable solution
among the top one (top1), top five (top5), and top ten (top10)
ranked solutions. In previous template-based docking studies,
Sinha and colleagues (Sinha et al., 2010) used a threshold of
0.4 on theminimum value of the TM-score for the twomonomers
to select protein-protein interactions with similar binding modes
(Kundrotas et al., 2012). Because we are systematically working
at a lower sequence identity between the target and the tem-
plates, we first investigated whether this cutoff value is still
optimal in the twilight zone. In Figure 1, we show how the perfor-
mance of the docking protocol on the benchmark data
set changes for different values of the TM-score cutoff from
0.4 to 0.8.
The coverage, defined as the percentage of target complexes
for which we can build amodel, goes from 90% to 92% for a TM-
score cutoff of 0.4, and to 3%–5% for a TM-score cutoff of 0.8.
The decrease in coverage for increasing values of TM-score cut-
offs follows the same trend in both the permissive and strict sets
of templates, with the strict set having a systematically lower
coverage. This is however not surprising because the criteria
used for the permissive data set are less stringent, allowing tem-
plates to be found for a larger set of cases.
We also evaluated the precision of the method, defined as the
percentage of good cases (i.e., at least one acceptable solution
among the top n) over the total number of cases that can be
modeled (with a template above the selected TM-score cutoff).
The precision varies as a function of the TM-score threshold
and the data set. Considering the top10 solutions, in the permis-
sive data set, it goes from 27% (30 of 110 target PPIs) for a TM-
score cutoff of 0.4, up to 73% (19 out 26 of target PPIs) for a
TM-score cutoff of 0.6 whereas for the top1 solutions it goes
from 20% (22 of 110 target PPIs) for a TM-score cutoff of 0.4,
to 54% (14 of 26 PPIs) for a TM-score cutoff of 0.6 (Figure 1; Ta-
bles S2 and S3). The results we obtained at a TM-score cutoff of
0.4 for the permissive data set are in good agreement with those
obtained previously by Kundrotas et al. (2012) (92% coverage
and 23% precision) when taking into account only complexes
that had a sequence identity lower than 40% with at least one62, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1357
Figure 1. Performance of the Template-Based Docking Protocol
The number of cases in the docking benchmark, for which a model can be
built, is shown as a function of different TM-score thresholds for the permissive
and strict data set, respectively. The percentages in blue refer to the coverage
of the method, whereas the percentages in black refer to the precision of the
method for the top10 solutions. Blue, green, and yellow bars indicate the
number target binary complexes for which a goodmodel could be obtained for
the top1, top5, and top10 solutions, respectively. Gray bars refer instead
to those target binary complexes for which only incorrect models could be
obtained.
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score cutoff, the precision reached by our template-based dock-
ing protocol is similar to those achieved by ab-initio docking, and
the added value of using structural templates is unclear.
By moving the TM-score threshold from 0.4 to 0.6, we obtain a
higher precision at the expense of a lower coverage, by filtering
out a high number of incorrect cases. For cutoff values higher
than 0.6, the number of cases that can be modeled is too low
for a meaningful evaluation of the precision but the trend seems
to invert, and the observed precision is lower, due to the fact that
we are filtering out good cases, together with the bad ones. In the
strict data set, we observe a similar trend, with the precision for
the top10 solutions going from 10% (11 out of 107 target PPIs)
for a TM-score cutoff of 0.4, to 67% (8 of 12 target PPIs) for a
TM-score cutoff of 0.6, and the precision for the top1 solutions
going from 5% (5 of 107 target PPIs) for a TM-score cutoff of
0.4, to 33% (3 of 12 target PPIs) for a TM-score cutoff of 0.6.
Therefore, we selected 0.6 as the optimal cutoff to be used to
get reliable results from the modeling pipeline. This choice is
also confirmed by an all-against-all structural alignment between
the target monomers in unbound conformation and the inter-
faces of the corresponding monomers in bound conformation
(Figure S1).
To summarize, at this threshold, the precision varies between
54% and 73% in the permissive data set, and between 33% and
67% in the strict data set for the top1 and top10 solutions,1358 Structure 22, 1356–1362, September 2, 2014 ª2014 Elsevier Ltrespectively. We argue that the strict and permissive data
sets, given the way they are defined, are providing lower- and
upper-bound estimates of the precision, reproducing what
would happen in the worst- and in a normal-case application
of the modeling pipeline. The docking benchmark shows a clear
trade-off between the precision and the coverage of the tem-
plate-based docking protocol. In fact, even with a cutoff of 0.4
we can model almost all the cases, the percentage of likely cor-
rect models is rather limited (up to 27% in the best case) and we
need to increase the TM-score threshold to obtain a reasonable
chance to get an acceptable model. This comes at the cost of
reducing the coverage (from 92% to 22%) by filtering out those
cases that will likely yield to incorrect results.
In Figure 2, we can see illustrative examples of high (Figure 2A)
and medium (Figure 2B) quality solutions as well as an incorrect
solution (Figure 2C). The incorrect solution corresponds to the
complex between actin and deoxyribonuclease I (the target
structure is PDB ID 1ATN_A:D). The template shown (the homo-
dimer of human deoxycytidine, PDB ID 2ZI6_A:B) can be aligned
to the two targetmonomerswith TM-scores 0.51 and 0.52.When
we compare the produced model to the reference complex, we
observe that, despite the fairly good structural alignments be-
tween the monomers and the template, the binding interface is
completely displaced. Using a TM-score threshold of 0.6, we
can filter out the majority of these cases even if some remain
(see Figure S2 for an example).
Testing the Applicability of the Protocol in a Real-Case
Scenario
Once we have established the optimal TM-score value to maxi-
mize the likelihood of obtaining accurate models, we need to
assess whether this automated protocol can be used to reliably
extend the structural characterization of binary interactions. To
do so, we collected 14,675 experimentally determined binary in-
teractions for which a high-resolution structure, or a high-quality
homology model, is available for both the interacting proteins.
We extracted the data from Interactome3D (Mosca et al.,
2013a), a resource for the large-scale structural modeling of pro-
tein-protein interaction networks, which contains experimental
structures and homology models for proteins and interactions
in the experimentally determined binary interactomes of nine
organisms (Arabidopsis thaliana, Caenorhabditis elegans,
Drosophila melanogaster, Escherichia coli, Helicobacter pylori,
Homo sapiens, Mus musculus, Mycoplasma tuberculosis, and
Saccharomyces cerevisiae). Because we wanted to test the
applicability of template-based docking on those interactions
in the twilight zone (i.e., that cannot be modeled by homology),
we selected only interactions for which an experimental struc-
ture or a homology model is not available in Interactome3D
(applicability data set, Figure 3 and Tables S4 and S5). These in-
teractions currently account for a very significant part of the in-
teractome of some of the organisms. For example, in E. coli,
they comprise 47% (3,608 of 7,541) of the entire interactome
and are more than three times (3,608 versus 1,153) the interac-
tions for which we have an experimental structure or a homology
model. For human, they include 9% (4,334 of 47,850) of the inter-
actome and are more than half (4,334 versus 6,943) of the inter-
actions for which we currently have structural data (Table S6).
Therefore, accurate template-based docking models for thesed All rights reserved
Figure 2. Examples of Modeled Interactions
in the Benchmark Data Set
Examples of a high quality solution (A), an
acceptable solution (B), and an incorrect solution
(C) on the benchmark data set. For each case, we
show the template interface (left), the super-
position between the model and the template
interface (center) and between the model and the
reference structure of the complex (right, super-
posed on the blue structure).
(A) Interaction between Falcipain 2 from Plasmo-
dium falciparum (in blue) and Cystatin from Gallus
gallus (in magenta). The interaction is modeled
after the template interface between Cathepsin B
and Cystatin-A in human (PDB ID 3K9M_A:C). The
L-rmsd (Mendez et al., 2003) is 3.76 A˚, whereas the
I-rmsd (Mendez et al., 2003) is 0.91 A˚.
(B) Interaction between CD2 and the CD58 in hu-
man modeled after the template interface between
the junctional adhesion molecule-like protein and
the Coxsackiervirus and adenovirus receptor ho-
molog (PDB ID 3MJ7_A:B). The L-rmsd is 10.07 A˚,
whereas the I-rmsd is 3.78 A˚.
(C) Interaction between actin from rabbit and
bovine deoxyribonuclease I modeled after the
interface of the homo-dimer of the human deoxy-
cytidine kinase (PDB ID 2ZI6_A:B). The L-rmsd is
48.54 A˚, whereas the I-rmsd is 21.50 A˚. The ligand
(in green) is completely displaced from its refer-
ence position and no native contact is conserved in
the model.
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the interaction space.
Surprisingly, when applying the protocol to this data set with
the optimal TM-score cutoff of 0.6, we could only build a model
for 8% of the cases (1,133 of 14,675) using the permissive data
set of templates and 7% (1,004 of 14,675) with the strict one (Fig-
ure 4 and Table S7). These figures are, apparently, at odds with
the suggestion that templates are available to model nearly all
interactions between structurally characterized proteins (Kun-
drotas et al., 2012), and we thus sought to analyze the potential
reasons by assessing the coverage achieved at different TM-
score cutoff values. Indeed, we observe that the coverage for
a cutoff of 0.4 is 95% for both the permissive and the strict
data sets but it drastically decreases when going to 0.5 (41%–
43%) and 0.6 (7%–8%). Therefore, we observe that while tem-
plates are indeed available for most of the interactions involving
proteins with structural data, the actual number of those interac-
tions that can be reliably modeled is much lower. In Figure 3,
we can see the increment in structural coverage of the interac-
tomes that can be achieved through template-based homology
modeling (dark blue bars). For a TM-score cutoff of 0.6, it goes
from a minimum of 0.2% forM. musculus (13 of 5,267 binary in-
teractions) to a maximum of 2.3% for E. coli (173 of 7,541 binary
interactions). Overall, this shows that there is a significant portion
of the interactome that, despite being structurally characterized
at the level of the single interactors, cannot be reliably modeledStructure 22, 1356–13onto known templates and classical ab-initio docking tech-
niques are still needed.
We also observed that the applicability data set has a lower
coverage (on corresponding TM-score cutoffs) with respect to
the docking benchmark data set. This confirms the fact that
the region of the interactome that cannot be modeled by clas-
sical homology-modeling approaches is indeed composed of
difficult cases, for which we are missing good templates.
Conclusions
Modeling of protein interactions in the absence of close homol-
ogous templates is a challenging task (Szilagyi and Zhang,
2014). In this work, we performed an exhaustive and critical
assessment of how a template-based docking protocol per-
forms in the twilight zone, where the available templates share
a sequence identity with the target below 30%. It is precisely in
these difficult cases where it makes sense to use a template-
based docking strategy, because it will likely yield better results
than classical protein-protein docking and yet, the sequence
similarity is too low to apply more reliable homology modeling
approaches. Our results show that, with lenient structural
criteria, it is indeed possible to find templates to model nearly
all known interactions (Kundrotas et al., 2012). However, the
quality of the produced models is quite limited (i.e., only in one
third of the cases we can find an acceptable model in the top
10 solutions), and comparable to that of rigid-body docking62, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1359
Figure 3. Application of the Modeling Pro-
tocol to a Real Case Scenario
(A) The bars represent the experimentally known
binary interactions for the nine organisms in In-
teractome3D (Mosca et al., 2013a; binary inter-
actomes). The green and yellow portions of the
bars represent the interactions for which an
experimental structure or a homology model is
available. The blue portions (dark and light)
represent those interactions for which structures/
models are available for both the interactors, but
no structural data are available for their binary
complex (applicability data set). The gray portion
represents those interactions that, despite being
experimentally known, have structural character-
ization for either only one of the partners or
none. The dark blue portion represents those in-
teractions for which, after applying our modeling
protocol, we can obtain a model (portion of the
applicability data set that can be modeled).
(B) The percentage of the total for each organism.
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Template-Based Docking in the Twilight Zone(Mosca et al., 2009). It is possible to push the quality of template-
based docking to produce at least one acceptable model in the
top 10 solutions for three quarters of the cases, but one can only
reach this performance by applying more stringent filters in the
template selection. When we consider the applicability of tem-
plate-based docking protocol to a real-case scenario, i.e., the
large-scale modeling of complete interactomes, the impact of
such a filtering is striking, and we can only build reliable models
for less than one tenth of the interactions in the twilight zone.
Template-based docking will become paramount in the struc-
tural characterization of the interaction space. However, to get
the most out of this promising technique, we need to improve
the repertoire of structural templates onto which we can reliably
model most protein complexes. As structural genomics initia-
tives did it for individual domains, we need to invest considerable
efforts to reach a better sampling of the conformational space of
protein-protein interactions, charting currently unexplored re-




Local pairwise sequence alignments were performed with the program
ssearch from the FASTA package version 35.4.7 (Pearson and Lipman,
1988). As a scoring matrix, we used the BLOSUM50 matrix with open and
extension gap penalties of 12 and 1, respectively, similarly to (Brenner
et al., 1998). For each alignment, we used an E-value threshold of 105 to1360 Structure 22, 1356–1362, September 2, 2014 ª2014 Elsevier Ltd All rights reservedconsider the alignment statistically significant.
The protein sequences used in the sequence
alignments were directly extracted from the exper-
imental structures or the homologymodels used in
this study.
Structural Alignments
To perform all the structural alignments in this
study we used the program TM-align (Zhang and
Skolnick, 2005), version 20130511, with default
parameters. The quality of each structural align-
ment was measured by the value of the
corresponding TM-score (Zhang and Skolnick,2004) computed by TM-align. The alignment program returns two TM-scores
per alignment, each normalized by the length of the two structures given in
input. In this study, we used themaximum of these two values (maxTM-score).
The structural superpositions were performed on the Ca atoms of the twomac-
romolecules under analysis.
Template Library
We used the nonredundant library of 7,107 protein-protein interfaces (version
1.1) available from the DOCKGROUND resource (Douguet et al., 2006). In sum-
mary, the library contains all those protein-protein interactions that satisfied
the following selection steps. For all homo- and heterodimers from PDB bio-
logical unit files that passed a quality control, only those with a resolution equal
to or higher than 3.5 A˚, mean accessible surface area buried by each chain
equal to or higher than 250 A˚2, and number of residues at the interface in
each chain equal to or higher than 10 were selected, for a total of 12,134 com-
plexes. Each template interface was extracted from the original PDB file by
selecting only those residues with atoms within 12 A˚ from the interface (Sinha
et al., 2012). The structural redundancy at interface level was reduced by using
the MM-align program (Mukherjee and Zhang, 2009) with a TM-score cutoff of
0.9, resulting in a library of 7,107 protein-protein interfaces. See the
DOCKGROUND resource website (http://dockground.bioinformatics.ku.edu/) for
a detailed description of how the library was built. Highly similar and symmet-
rical interfaces may introduce redundancy in the structural alignment step for
heterodimeric targets. To account for this, for each template PPI, we structur-
ally alignedwith TM-align the two portions of protein chains that take part in the
interaction. If the average TM-score is equal to or higher than 0.9 and the
sequence identity of the two aligned fragments is equal to or higher than
90%, we consider the PPI symmetrical and we consider it only once in the
structural alignment step (see Template-Based Docking Protocol below). For
example, let A and B be the two chains of a target heterodimer and C and D
the chains of the template PPI. If both combinations AC-BD and AD-BC
Figure 4. Coverage on the Applicability Data Set
The histogram shows the number of cases, in the applicability data set, for
which amodel could be obtained, as a function of the TM-score cutoff, for both
the permissive and strict data sets. The corresponding percentage is reported
on the top of each bar.
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usually the first, is evaluated in the structural alignment step. In fact, if both
combinations were evaluated, they would produce two very similar if not iden-
tical models, introducing redundancy in the results. We identified 4,256 of
7,107 PPI templates as symmetrical.
Template-Based Docking Protocol
The template-based docking protocol developed is composed of the following
steps:
1. Selection of PPI templates by sequence identity. For each target binary
complex, we align the protein sequences of the two target monomers to
the monomers in the template library. Given two target monomers A
and B and two template monomers C and D, two sequence alignment
combinations are possible: A-C and B-D, or A-D and B-C. In case the
target binary complex is a homodimer only one combination is tested
to avoid redundancies (the two structural alignments would be exactly
the same). In case the target binary complex is a hetero-dimer the com-
bination A-D and B-C is verified only with non-symmetrical interface
fragments (see Template Library above). Two template data sets are
defined. A strict data set contains only those templates that have statis-
tically significant alignments (E-value lower than 105) with both target
proteins having less than 30% sequence identity. If the alignment is not
significant the two proteins are considered to be unrelated (and the
template is included). A permissive data set contains all the templates
for which at least one of the target proteins have a significant alignment
having less than 30% sequence identity to the target. The strict data set
is therefore a subset of the permissive one. It should be noted that the
sequence alignments are performed by using the complete protein
sequences extracted from the wholemonomers and not just the portion
of templates that take part in the interaction.
2. Structural alignment between target complexes and selected PPI
templates. For each target binary interaction, all the PPI templates
that satisfied the condition on the sequence identity described in the
previous step are used to build a 3D model of the interaction by struc-
tural superposition with TM-align (Zhang and Skolnick, 2005).
3. Scoring of the obtained structural alignments. The quality of the struc-
tural superposition is evaluated by the TM-score defined as the
maximum of the two TM-scores produced by TM-align.Structure 22, 1356–134. Ranking of produced models. All the produced models are ranked by
decreasing values of the sum of the two TM-scores obtained from the
alignment of a pair of target monomers and their corresponding PPI
templates.
5. Selection of solutions for further analyses and statistics. For a given
target binary complex, the first 1,000 solutions are selected. Those so-
lutions with a mean accessible surface area buried by each chain lower
than 250 A˚2 are discarded. This filter was introduced to be sure that the
two monomers in the final model are in contact with each other and is
consistent with the approach used by DOCKGROUND to create the library
of nonredundant templates.
6. Application of two orthogonal filters. Two orthogonal filters are then
applied:
a. All templates for which the maximum TM-score is below a certain
cutoff are eliminated. In this study, we tested five different TM-score
thresholds: 0.4, 0.5, 0.6, 0.7, and 0.8.
b. All models presenting severe clashes were eliminated. In this study,
we considered as a Ca-Ca clash any interchain Ca-Ca atomic dis-
tance lower than 3 A˚. All the models with more than three Ca-Ca
clashes are discarded. The threshold of 3 A˚ was empirically ob-
tained from the analysis of 190,310 PPIs from biological units in
the PDB (Berman et al., 2000; data not shown).
Nonredundant Docking Benchmark
From the Docking benchmark version 4.0 (Hwang et al., 2010), we selected all
the cases where the two interactors correspond to single chains. In terms of
docking difficulty, they are divided into 80 rigid body cases, 22 medium cases,
and 17 difficult cases. In terms of biochemical function, they are divided in 46
enzyme-inhibitor, 2 antibody-antigen, and 71 other functions. A full list of the
selected cases is reported in Table S1.
Applicability Data Set
We selected PPIs from the 9 organism available in Interactome3D (http://
interactome3d.irbbarcelona.org, version 2013_06) for which an experimental
structure or a homology model is available for each of the two interactors,
and with no structural data for the interaction itself. We require a coverage
R70% for the structures/models of the single interactors to be sure that we
are using almost complete structures and not subdomains or fragments. A
list of the selected interactions and structures for the single interactors can
be found in Tables S4 and S5. All the structures of the target monomers are
downloadable from http://sbnb.irbbarcelona.org/template_based_docking/
target_monomers_applicability_dataset.tgz.SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures and seven tables and can be
found with this article online at http://dx.doi.org/10.1016/j.str.2014.07.009.
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